Pastore S, Hood DA. Endurance training ameliorates the metabolic and performance characteristics of circadian Clock mutant mice.
Cryptochrome (Cry). Per and Cry form a multimeric protein aggregate that rhythmically inhibits the transcriptional activity of the CLOCK:BMAL1 heterodimer (30, 57) .
Homozygous Clock mutant mice possess a truncated CLOCK ⌬19 protein within somatic cells (28) and are characterized by an impaired ability to rhythmically activate transcription (16) . Consequently, Clock mutant mice were reported to exhibit disrupted skeletal muscle myofilament organization, as well as attenuations in muscle contractility, mitochondrial volume, and peroxisome proliferator-activated receptor-␥ coactivator 1-␣ (PGC-1␣) mRNA expression (3) . In addition, these animals have been associated with altered glucose metabolism (27) , as well as obesity and metabolic syndrome (48) .
The central circadian clock is located within the suprachiasmatic nucleus of the hypothalamus (36) . This circadian pacemaker is responsive to light and is essential for the synchronization of molecular clocks in peripheral tissues. These peripheral clocks can be phase dissociated from the central clock by various types of external stimuli, such as contractile activity (42, 54, 56) , restrictive feeding (12, 46) , and alterations in energy homeostasis (5, 37) . Biological rhythms have been well documented in skeletal muscle. McCarthy et al. (34) were the first to conduct gene expression profiling in skeletal muscle, a useful approach to measure circadian genes (10) , and it was concluded that over 200 genes exhibited a rhythmic pattern of expression. These genes were observed to encompass a broad range of physiological processes, including transcription, cellular signaling, and protein metabolism (34) .
Mitochondria are dynamic organelles that are a very important component of properly functioning skeletal muscle. The process of mitochondrial biogenesis requires initial nuclear stimulation by PGC-1␣, followed by subsequent induction of the mitochondrial genome by mitochondrial transcription factor-A (Tfam). It has been well documented that chronic endurance training results in elevations in PGC-1␣ (39, 43) and Tfam (17) gene expression. Consequently, chronic endurance training has been reported to induce a PGC-1␣-mediated increase in skeletal muscle mitochondrial content (41, 50) , concomitant with increases in endurance capacity (52) .
The purpose of the present study was to assess the ramifications on skeletal muscle mitochondrial physiology of the murine Clock mutation, which induces an elongation of the free-running circadian period to ϳ27 h, as inferred by locomotor activity (51) . In particular, we sought to measure indices that may be affected as a result of the significant reduction in PGC-1␣ mRNA levels that have been observed in these animals (3, 34) . It had previously been reported that PGC-1␣ ablation resulted in attenuated mitochondrial content and impaired mitochondrial function (1), and therefore we hypothesized that homozygous Clock mutant mice would exhibit these same deficient mitochondrial characteristics. Consequently, we speculated that these potential physiological impairments would translate into diminished endurance performance. Lastly, we evaluated the effects of an 8-wk chronic voluntary endurance training protocol on the restoration of PGC-1␣ content, as well as the impact of exercise on the improvement of the same aforementioned physiological indices. Our results help to illustrate the importance of the CLOCK protein in exercise-induced skeletal muscle adaptations.
MATERIALS AND METHODS
Animal breeding. Heterozygous Clock mutant mice (maintained on a C57BL-6J genetic background) were obtained from the Jackson Laboratory (Bar Harbor, ME). Animals were bred in accordance with the guidelines of the York University Animal Care Committee, which approved all animal protocols. Progeny were genotyped similarly to Herzog et al. (20) . Briefly, ear clippings were utilized for crude DNA extraction. DNA extracts were incubated with Jumpstart RED-Taq DNA Polymerase (Sigma, St. Louis, MO), as well as forward and reverse primers for the wild-type or mutant nucleotide sequences, and amplified using PCR. The reaction products were separated on a 1.5% agarose gel and visualized with the use of ethidium bromide (20) .
Voluntary wheel-running exercise model. Twelve-week-old male wild-type and Clock mutant mice were assigned to control or trained experiment groups. All mice were maintained on a 12-h:12-h light/ dark cycle and were allowed access to food and water ad libitum. Zeitgeber time 0 (ZT 0) was at 7:00 AM (lights on) and ZT 12 was at 7:00 PM (lights off). Trained mice were housed individually and were permitted access to a freely-rotating running wheel. Revolutions were determined by the interaction between a magnet on the running wheel and an external magnetic counter (Mini-Mitter, Bend, OR). The number of revolutions were recorded daily for each animal and converted into distance, as done previously (41) . This training model was utilized for 8 wk. During the 9th wk, all animals were subjected to an intraperitoneal glucose tolerance test and an exercise capacity test, followed by the animals being killed.
Muscle extraction. Animals were all euthanized at ZT 2, in accordance with the guidelines of the York University Animal Care Committee. Animals were injected in the intraperitoneal cavity with a ketamine-xylazine mixture at 0.2 ml/100 g of body mass at ZT 2. Hindlimb skeletal muscles (gastrocnemius, tibialis anterior, and quadriceps) were quickly excised and placed in ice-cold mitochondrial isolation buffer. Freshly harvested skeletal muscles were utilized for mitochondrial isolations or were frozen in liquid nitrogen. Frozen skeletal muscle tissues were pulverized into powder with a liquid nitrogen-cooled steel mortar and stored in liquid nitrogen for subsequent tissue analyses.
Protein extraction and quantification. Frozen skeletal muscle tissue powder was resuspended with a 10-fold dilution in muscle extraction buffer that contained protease inhibitors. Homogenates were rotated end over end for 1 h at 4°C. Homogenates were then sonicated (3 ϫ 3 s; 30% power) and centrifuged at 14,000 g for 10 min at 4°C. The supernatant fraction was removed, quantified using the Bradford assay (8) , and stored at Ϫ80°C to be used for subsequent protein analyses.
Intraperitoneal glucose tolerance test. In accordance with the optimal parameters that had been reported by Andrikopolous et al. (4) , animals were fasted for 6 h (beginning at ZT 1) but were still allowed access to water ad libitum. A 0.2 g/ml solution of D-glucose was prepared, and animals were injected with a 2 g/kg dosage of the glucose solution in the intraperitoneal cavity at ZT 7. Blood measurements were obtained from tail veins. Blood glucose was measured before injection, as well as 15, 30, 60, and 120 min postinjection (4) . Blood glucose measurements were assayed using a Bayer Contour blood glucose meter (Toronto, Ontario, Canada).
Cytochrome c oxidase enzyme activity. Enzyme extracts were prepared from powdered muscle tissue, and cytochrome c oxidase (COX) enzyme activity was evaluated similarly to Cogswell et al. (11) . Briefly, enzyme extracts were sonicated (3 ϫ 3 s; 30% power), and COX enzyme activity was determined spectrophotometrically as the maximal rate of oxidation of fully reduced cytochrome c (Sigma), measured by the change in absorbance at 550 nm using a Synergy HT microplate reader at 30°C (11) .
Exercise capacity test. Animals were acclimatized to the treadmill (10°incline) over a period of 3 days during the 8th wk of the exercise protocol. The 1st day of acclimatization involved the animals being placed on the stationary treadmill belt for 5 min. The 2nd and 3rd days of acclimatization involved briefly running on the treadmill at speeds of 5 m/min and 10 m/min, respectively. The exercise capacity test protocol was adapted from Calvo et al. (9) and was administered at ZT 3. Briefly, the speed of the treadmill was progressively increased by increments of 4 m/min until animals reached exhaustion (Fig. 4A) . Exhaustion was defined as the animals' inability to run on the rear of the treadmill for more than 5 s consecutively (9) .
Mitochondrial isolation. Freshly harvested skeletal muscles were minced, homogenized, and subjected to differential centrifugation to isolate the subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondrial subfractions, as described previously (11, 32) . Mitochondrial subfractions were then suspended in resuspension medium (100 mM KCl, 10 mM MOPS, 0.2% BSA, pH 7.4), quantified, and immediately utilized for analysis of mitochondrial respiration.
Mitochondrial respiration. Freshly isolated SS and IMF mitochondrial subfractions were incubated with V O2 buffer (250 mM sucrose, 50 mM KCl, 25 mM Tris·HCl, 10 mM K 2HPO4, pH 7.4) at 30°C in a water-jacketed respiratory chamber with continuous stirring. Respiration rates (n atoms O 2·min Ϫ1 ·mg Ϫ1 ) were evaluated in the presence of 10 mM glutamate (state IV; passive respiration) and 0.44 mM ADP (state III; active respiration) utilizing a Mitocell S200 Micro-Respirometry System (Strathkelvin Instruments, Motherwell, UK) (1, 11, 32) . Inner mitochondrial membrane integrity was assayed through the addition of NADH, which did not alter the rate of oxygen consumption in the respiratory chamber.
Immunoblotting. Skeletal muscle protein extracts were separated utilizing 10 -15% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. The membranes were incubated with primary antibodies targeting ␣-tubulin (1:10,000; Calbiochem, La Jolla, CA), PGC-1␣ (1:500; Millipore, Billerica, MA), CLOCK (1:1,000; Santa-Cruz Biotechnology, Santa Cruz, CA), BMAL1 (1:500; Abcam, Cambridge, MA), COX I (1: 1,000; Abcam), Tfam [(17); 1:2,500], GAPDH (1:80,000; Abcam), and COX IV (1:250; Invitrogen, Carlsbad, CA) overnight at 4°C. Blots were subsequently incubated with the appropriate speciesspecific secondary antibody for 1 h at 25°C. Blots were developed with Western Blot Luminol Reagent (Santa Cruz Biotechnology), and films were scanned and analyzed using SigmaScan Pro software (version 5.0). The quantification of all blots was corrected for loading using ␣-tubulin or GAPDH protein expression.
Statistical analyses. Data are expressed as means Ϯ SE. Two-way ANOVA were performed when the control and trained condition were being compared between wild-type and Clock mutant animals, followed by the Bonferroni post hoc test when appropriate. Statistical differences were considered significant if P Ͻ 0.05.
RESULTS

Physical and locomotor characteristics.
To assess alterations in body mass progression, animals were weighed on a weekly basis. Clock mutant control and trained mice exhibited elevated body mass throughout the duration of the study, culminating in increases of ϳ11-12% compared with their wild-type counterparts (Fig. 1A) . Furthermore, chronic volun-tary endurance training produced significant attenuations in body mass in both the wild-type and Clock mutant mice. These differences were initially evident after 1 wk of training and persisted throughout the duration of the study, ultimately resulting in reductions in body mass of ϳ10 -11% for both the wild-type and Clock mutant trained mice (Fig. 1A) . At the conclusion of the 6th wk, food pellet consumption was evaluated for three complete daily cycles at 7:00 AM (ZT 0; lights on) and 7:00 PM (ZT 12; lights off). As expected, food consumption was markedly increased during the dark phase compared with the light phase for all animals. Interestingly, daily food intake was distinctly elevated in the Clock mutant control mice by 67% relative to the wild-type control mice. Endurance training resulted in further increases in daily food consumption of 76% and 37% in the wild-type and Clock mutant mice, respectively ( Fig. 1B ; P Ͻ 0.05). Concomitantly, Clock mutant control mice exhibited 4.3-fold greater food consumption during the light phase compared with the wildtype control mice. Endurance training further produced 2.6-and 1.4-fold increases in food consumption during the light phase in the wild-type and Clock mutant mice, respectively ( Fig. 1C ; P Ͻ 0.05).
Clock mutant mice displayed a 1.8-fold reduction in mean daily locomotor activity relative to the wild-type mice during the final week of training ( Fig. 2A ; P Ͻ 0.05). In addition, locomotor activity was assessed at ZT 0 and ZT 12 for three complete daily cycles during the 6th wk of training. Interestingly, Clock mutant mice were observed to perform 13.5% of their daily locomotor activity during the light phase compared with only 0.3% in wild-type mice ( Fig. 2B ; P Ͻ 0.05). After the final week of training, animals were killed, and the gastrocnemius muscle complex, visceral fat depots, and heart were harvested, weighed, and frozen in liquid nitrogen. The visceral fat-to-body mass ratio was increased in the Clock mutant control mice by 66% relative to the wild-type control mice. Endurance training was an effective intervention and was observed to decrease this ratio by 19% and 32% in the wild-type and Clock mutant mice, respectively ( Fig. 1 . Body mass progression and food intake. Mice (WT, wild-type; CL19, mutant; T, trained; UT, untrained) were weighed on a weekly basis for the duration of the study. Food intake was evaluated at lights on and lights off during the 6th wk of the study for 3 consecutive days. A: body mass measurements (n ϭ 6 -9). †P Ͻ 0.05, Clock mutant relative to WT control at week 0 and week 9. B: average daily food intake. †P Ͻ 0.05, Clock mutant relative to WT; *P Ͻ 0.05 trained relative to control. C: average food intake during the light and dark circadian phases. Values are displayed as means Ϯ SE (n ϭ 3-6). †P Ͻ 0.05, all groups relative to wild-type control.
0.05). No significant differences were detected in gastrocnemius-or heart-to-body mass ratios among these same experimental groups (Fig. 3, B and C) . Mitochondrial and physiological adaptations. To determine the tolerance of these animals to maximal-intensity exercise, a treadmill test was administered. Clock mutant control mice were only able to run on the treadmill for 51% of the time exhibited by the wild-type control mice. Endurance training was able to ameliorate this, leading to a marked 2.9-fold improvement in exercise tolerance. Training had a modest 1.4-fold effect on exercise tolerance in the wild-type mice ( Fig. 4B ; P Ͻ 0.05). Whole muscle COX enzyme activity, a well-established indicator of muscle mitochondrial content, was reduced in the Clock mutant control mice by 16% compared with the wildtype control mice ( Fig. 4C ; P Ͻ 0.05). Endurance training produced an augmentation in COX enzyme activity of 12% in wild-type mice. Interestingly, endurance training reversed the decrement in COX activity that was evident in the Clock mutant mice, increasing the level by 19% ( Fig. 4C; whole muscle COX enzyme activity and the time necessary to reach exhaustion ( Fig. 4D ; P Ͻ 0.05).
Intraperitoneal glucose tolerance.
To assess the ability of these animals to metabolize glucose, an intraperitoneal glucose tolerance test was utilized. No significant difference was observed in blood glucose levels between the wild-type and Clock mutant mice. Endurance training resulted in 35% and 29% reductions in blood glucose levels 60 min postinjection in the wild-type and Clock mutant mice, respectively ( Fig. 5A ; P Ͻ 0.05). No significant differences were observed in glucose tolerance between wild-type and Clock mutant mice. However, as expected, endurance training produced 20% and 21% improvements in glucose tolerance, respectively ( Fig. 5B ; P Ͻ 0.05).
SS and IMF mitochondrial respiration. To evaluate mitochondrial, state III and state IV respiration rates were measured in both the SS and IMF mitochondrial subfractions. There were no differences observed in state III or state IV respiration rates between wild-type and Clock mutant control mice, nor was an effect of training observed in either the SS or the IMF mitochondrial subfractions (Fig. 6, A and B) .
Mitochondrial and circadian protein expression. To determine the extent to which protein expression in muscle tissue differed as a result of mutation of the Clock gene or endurance training, Western blotting was utilized. Clock mutant control mice exhibited a marked 44% reduction in PGC-1␣ protein content relative to the wild-type control mice. Endurance training had a curative effect in the Clock mutant trained mice, restoring PGC-1␣ protein content to the levels observed in the wild-type mice ( Fig. 7A ; P Ͻ 0.05). Similarly, expression of the nuclear-encoded products Tfam and COX IV mitochondrial subunit were attenuated in the Clock mutant control mice by 45% and 41%, respectively (Fig. 7 , B and C; P Ͻ 0.05). Endurance training did not alter COX IV protein expression; however, it did elicit 22% and 49% increases in Tfam protein expression in the wild-type and Clock mutant mice, respectively (Fig. 7, B and C) . In contrast to COX IV, there was no effect of genotype on the protein expression of the mitochondrially encoded COX I mitochondrial subunit. However, endurance training produced marked elevations in COX I protein expression of 41% and 50% in the wild-type and Clock mutant mice, respectively ( Fig. 7D ; P Ͻ 0.05). The levels of CLOCK and BMAL1 protein expression were not significantly altered with either mutation of the Clock gene or endurance training (Fig. 7E) .
DISCUSSION
It has been established that skeletal muscle exhibits considerable metabolic plasticity in response to chronic exercise (21) and that the transcriptional coactivator PGC-1␣ is a partial regulator of the exercise-induced mitochondrial adaptations that occur within skeletal muscle (2, 6, 9, 22, 49) . Recent research has shown that PGC-1␣ displays a rhythmic pattern of gene expression (35) and that it may serve to assist in synchronization of the molecular clock in peripheral tissues (24, 31) . The accumulation of evidence suggests a crucial role of biological rhythms in the regulation and coordination of physiological performance, as it has been observed that there are diurnal variations in both peak neuromuscular function (18, 55) and maximal oxygen uptake (53) . Furthermore, molecular circadian rhythmicity is required to maintain functional skeletal muscle phenotype (3). Despite these advancements, the multifaceted relationship between circadian rhythms and skeletal muscle physiology remains to be fully identified. An important animal model for the study of circadian rhythms has been the development of the homozygous Clock mutant mouse. The truncated CLOCK ⌬19 protein in these animals does not contain exon 19, a polypeptide segment that consists of 51 amino acids (28) . Consequently, these animals are characterized by numerous deleterious phenotypic traits, including accelerated body mass and lipid accumulation (48) , altered gene expression (26, 38) , and dysfunctional skeletal muscle structure and contractility (3) . We observed that Clock mutant mice displayed increases in both body mass and daily food consumption compared with their wild-type counterparts, likely consequences of both decreased daily energy expenditure, as well as alterations in the expression of energy-regulating peptides within the hypothalamus of Clock mutant mice (48) . These impairments likely contributed to a positive energy balance and accelerated the accumulation of body mass in the Clock mutant mice.
Clock mutant control mice exhibited a modest reduction in skeletal muscle COX enzyme activity, a well-established indicator of mitochondrial content, compared with the wild-type control mice. This decline is likely due to the decrease in PGC-1␣ protein content that we observed in the Clock mutant control mice, as PGC-1␣ has previously been correlated with skeletal muscle COX enzyme activity both in vitro (49) and in vivo (1) . Furthermore, dampening of PGC-1␤ circadian mRNA expression has been observed in these Clock mutant mice (3) , and this may have also contributed to the attenuation in mitochondrial content via reduced induction of nuclear respiratory factor-1 (44) . The reduction of muscle mitochondrial content was corroborated by the decrease in protein expression of the nuclear-encoded COX IV subunit that was evident in the Clock mutant mice. This decrease in mitochondrial content that was displayed in the Clock mutant control mice was accompanied by a marked decrease in exercise tolerance in these animals. However, the relatively small decrement in muscle mitochondrial content that was observed in the Clock mutant control mice did not parallel the more pronounced 50% reduction in exercise tolerance, nor could this decrease in performance be attributable to mitochondrial dysfunction. In contrast to the mitochondrial dysfunction evident in BMAL1 (3), PGC-1␣ (1), and p53 (41) knockout mice, no alteration in state III or state IV mitochondrial respiration was evident in the Clock mutant mice. Because research has revealed that mitochondrial content and function are closely related to endurance performance (23) , this suggests that other skeletal muscle deficiencies evident in Clock mutant mice, including myofilament disorganization and diminished contractility (3), likely contributed to the impaired exercise tolerance that was evident in these animals. Therefore, our findings suggest that a functional CLOCK protein is essential to maintain normal levels of mitochondrial content as well as skeletal muscle phenotype, and these physiological components are integral in governing maximal exercise performance. Chronic voluntary endurance training is a potent exercise model that induces physiological and biochemical adaptations within rodent skeletal muscle (41, 50) . Our results indicate that Clock mutant mice are complicit and responsive toward a voluntary exercise protocol. Consistent with the data reported by Turek et al. (2005) , the Clock mutant mice were more active during the light phase compared with the wild-type mice although total daily locomotor activity between these genotypes was similar. Voluntary exercise appeared to ameliorate the accumulation of body mass in the Clock mutant mice, resulting in a similar body mass progression as the wild-type control animals. As expected, the Clock mutant control mice displayed an increased visceral fat-to-body mass ratio compared with their wild-type counterparts, and endurance training was effective in reversing this obese phenotype by increasing daily caloric expenditure. Despite this robust effect of training, the exercise model did not induce either skeletal muscle or cardiac hypertrophy.
We sought to ascertain the efficacy of this voluntary endurance training model to elicit metabolic improvements in the skeletal muscle of Clock mutant mice. Our results indicate that training restored the expression of skeletal muscle PGC-1␣ protein content to the levels observed in the wild-type mice and produced a corresponding increase in muscle mitochondrial content, as evident from the increases in both COX enzyme activity, as well as Tfam and COX I subunit protein expression in both the wild-type and Clock mutant mice. Training also markedly improved exercise tolerance in the Clock mutant mice, despite the more modest training-induced increase in skeletal muscle mitochondrial content. In addition to increases in mitochondrially mediated lipid catabolism (13) , endurance training in mice elicits improvements in both maximal oxygen consumption (14) and cardiac function (25) , and these adaptations likely also contributed to the training-induced improvement in exercise tolerance in the Clock mutant mice. Therefore, our findings suggest that a functional CLOCK protein is not necessary to elicit training-induced mitochondrial biogenesis in skeletal muscle, nor does it appear to limit the extent to which exercise-mediated improvements in performance capacity can occur.
A multitude of metabolic deficiencies have been observed in Clock mutant mice, including hyperglycemia (48) and a highfat diet-induced propensity toward impaired glucose tolerance (27) . Thus we hypothesized that Clock mutant control mice would exhibit a corresponding attenuation in glucose tolerance compared with the wild-type control mice. Our results suggest that there are no discernible differences in glucose tolerance between the wild-type and Clock mutant mice fed a normal diet, as both experimental groups displayed an equal area under the curve of the blood glucose graph. However, it is relevant to note that endurance training was effective in improving glucose tolerance in both the wild-type and Clock mutant mice, and this is consistent with data that have been previously reported (45) .
In summary, our data suggest that the CLOCK protein is vital to maintenance of adequate physiological levels of mitochondria within skeletal muscle. Despite the numerous impairments previously observed in the Clock mutant mice, the dysfunctional CLOCK protein does not appear to diminish the ability of these animals to adapt to chronic exercise. Furthermore, endurance training is an effective intervention that reverses the metabolic defect observed in the absence of a functional CLOCK protein.
